Alfalfa is a perennial tetraploid (2n = 4x = 32) species and is the most widely grown forage legume in the United States. Productivity and persistence of alfalfa is limited because Al toxicity affects root growth in acid soils and inhibits N fixation (Graham, 1992; Rechcigl et al., 1988) . Lime and P fertilizers are commonly applied to prevent yield losses associated with acid soil syndrome (Al +3 and H + toxicity), but these amendments are expensive and can greatly increase establishment costs (Bennett et al., 2008; Haby et al., 2002; McLay et al., 1994) . In addition, liming does not reduce soil acidity in the subsoil, which can substantially reduce yield in alfalfa (Sumner et al., 1986) . Therefore, the most desirable option to improve production is the development of plants with Al tolerance.
Aluminum tolerance in alfalfa can be evaluated using a callus bioassay (Parrot and Bouton, 1990) , whole plant assay in media , hydroponic systems (Narasimhamoorthy et al., 2007a) , and soil-based evaluations comparing growth in unlimed vs. limed soil (Dall'Agnol et al., 1996; Khu et al., 2012) . The different phenotyping methods often give different results, suggesting that multiple evaluations at the cell and whole plant level should be used to ascertain variation in the Al tolerance response (Dall'Agnol et al., 1996; Narasimhamoorthy et al., 2007a; Rosellini et al., 2003) . The callus bioassay (Parrot and Bouton, 1990 ) is useful to determine Al tolerance at the cell-based level while the whole plant assay in media evaluates plant Al tolerance responses and enables examination of root growth variation in response to different growing conditions. The whole plant assay in media is less time and labor consuming compared to previous soil-based assays (Dall'Agnol et al., 1996; Khu et al., 2012) . The whole plant assay in media enables the identification of phenotypic differences due to Al exclusion mechanisms in the root area providing an advantage over hydroponic evaluation systems in which molecules generated by a particular genotype are freely diffused in the growth solution (Narasimhamoorthy et al., 2007a) . Molecular markers associated with Al tolerance quantitative trait loci (QTL) were identified in a diploid backcross population using cell-based evaluations (Narasimhamoorthy et al., 2007b; Sledge et al., 2002) , but whether the QTL function similarly in the tetraploid genome is not known. Polyploidy can induce changes in gene expression and the organization of the genome (Luo et al., 2004; Song et al., 1995) . One of the factors limiting progress toward developing Al-tolerant alfalfa cultivars is the limited variation for Al tolerance within tetraploid alfalfa germplasm with only minimal progress in developing populations with improved vigor under Al toxic conditions obtained after multiple cycles of recurrent selection (Campbell et al., 1988) . A single Al-tolerant clone (Al-4) was previously identified in the diploid M. sativa subsp. caerulea (Less. ex Ledeb.) Schmalh. (PI 464724-25) (Sledge et al., 2002 ) and this clone's genome was transferred to the tetraploid level through a 4x × 2x hybridization. The genotype Altet-4 is one tetraploid genotype resulting from that hybridization and it has inherited the Al tolerance from the Al-4 clone (Khu et al., 2011) . Although mechanisms of Al tolerance in plants have been described (Kochian et al., 2004; Larsen et al., 2007; Ma et al., 2001) , the genetic and molecular basis of Al tolerance in alfalfa germplasm remains unknown. Genetic maps have been developed in diploid (Brummer et al., 1993; Echt et al., 1993; Kiss et al., 1993) and tetraploid alfalfa populations (Eujayl et al., 2004; Julier et al., 2003; Sledge et al., 2005) and QTL associated with Al tolerance at the diploid level (Narasimhamoorthy et al., 2007b) and winter hardiness, freezing injury, fall growth, biomass production, and persistence at the tetraploid level identified (Brouwer et al., 2000; Robins et al., 2007 Robins et al., , 2008 .
The objectives of this research were to identify genomic regions associated with Al tolerance as assessed using the callus bioassay and root growth in the whole plant assay in an F 1 segregating population of tetraploid alfalfa using the diploid-derived Al-tolerant genotype as one of the parents.
MATERIALS AND METHODS

Plant Materials
A clone from the diploid Al-tolerant alfalfa genotype Al-4 (Narasimhamoorthy et al., 2007b; Sledge et al., 2002) was used to make 2x × 4x crosses with a genotype from the synthetic nondormant tetraploid cultivar CUF 101 (Lehman et al., 1983) to produce the tetraploid genotype Altet-4 (Bouton, 2012) via 2n gametes using hand crossing as described by Bingham (1990) . Altet-4 (Al-tolerant) was manually crossed in the greenhouse with NECS-141 (Al-sensitive) genotype to generate the NECS141Altet4 population and with 95-608 (Al-sensitive) to generate the 95608Altet4 population. NECS-141 is a genotype obtained from a semidormant breeding population developed in Iowa and derived from a strain cross between the cultivars Pioneer 5454, Oneida VR, and Apica. The genotype 95-608 is a genotype derived from the synthetic cultivar CUF 101 (Lehman et al., 1983) . Several genetic linkage maps of tetraploid alfalfa ( Julier et al., 2003; Robins et al., 2007; Sledge et al., 2005) and potato (Solanum tuberosum L.) (Bradshaw et al., 2008; Khu et al., 2008; McCord et al., 2011) were generated using F 1 populations given the outcrossing and autotetraploid nature of these species. Theoretical models for gene segregation in F 1 populations of autotetraploid species were developed by Wu et al. (2001) and Luo et al. (2004) . A total of 185 F 1 progeny from the NECS141Altet4 population were used for phenotyping, genetic mapping, and QTL analyses. Of these, 110 F 1 progeny were derived from Altet-4 as the maternal parent and 75 individuals had NECS-141 as the maternal parent. A total of 184 F 1 progeny from the 95608Altet4 population, with 95-608 used as the maternal parent, were phenotyped using the callus bioassay and genotyped as described below. Individual F 1 seeds were stored for 72 h at -20 C°, scarified using sandpaper, and planted in a germination mix in the greenhouse. Stem cuttings of individual
Statistical Analysis
Variation for Al tolerance from phenotypic evaluations in the callus bioassay and whole plant assay in media and the correlations between phenotyping systems were determined using SAS 9.1 (SAS Institute, 2001 ). Statistical differences between genotypes were determined using PROC GLM and LSMEANS with genotype treated as a random variable and replication as fixed effect. PROC CORR was used to determine the Pearson's correlation coefficient between the genotype means from three replications of the TCWR and TRLR scores. The normality of the Al tolerance phenotypic data from the segregating population was evaluated with the Shapiro-Wilk test (Shapiro and Wilk, 1965) using PROC UNIVARIATE.
DNA Isolation and Genotyping
Genomic DNA from each F 1 progeny in both populations was extracted separately using the DNeasy Plant Mini Kit (catalog no. 69104, QIAGEN). A total of 755 simple sequence repeat (SSR) primer pairs from Medicago truncatula Gaertn. expressed sequence tag (EST)-SSRs (Eujayl et al., 2004; Julier et al., 2003; Sledge et al., 2005) and alfalfa genomic SSRs (Diwan et al., 2000) were used to screen for polymorphism between Altet-4, NECS-141, and 95-608 as previously described by Zhang et al. (2008) . In addition to previously used SSR markers, 269 SSR primers developed from alfalfa trichome unigene sequences were used to screen for polymorphism between the parents. Briefly, the total 4485 M. sativa trichome unigenes, consisting of 3406 singletons and 1079 contigs or tentative consensus (TC) sequences, assembled from two EST libraries (MS_TRI-1and MS_TRI2) of glandular trichomes isolated from M. sativa stems and one EST library (MS_FAL_SSH) of cold-treated M. sativa L. subsp. falcata (L.) Arcang. (syn. Medicago falcata L. subsp. falcata) leaves were downloaded from the TrichOME database (Dai et al., 2010 ; http://www.planttrichome.org/trichomedb/ [accessed 6 Mar. 2012]). Candidate SSRs were identified from the downloaded unigenes using the SSRIT Perl scripts (Kantety et al., 2002) for perfect SSR identification and the Sputnik software (Abajian, 1994) for imperfect SSR identification as previously described . Polymerase chain reaction (PCR) primers were designed using Primer3 (Rozen and Skaletsky, 2000) to amplify the identified candidate SSR regions. Polymerase chain reactions were prepared in a 10 μL volume and contained 20 ng of template DNA, 2.5 mM MgCl 2 , 1x PCR buffer II (Applied Biosystems), 0.15 mM deoxyribonucleotide triphosphates, 1.0 pmol each of the reverse primer with an additional 18 nucleotides from the M13 universal primer (TGTAAAACGACGGCCAGT) appended to the 5′ end, 0.25 pmol of the forward primer (Supplemental Table S1 ), and 0.5 U GoTaq DNA polymerase (Promega). The M13 nucleotide sequences were labeled either with blue (6-FAM), green (HEX), yellow (NED), or red (PET) fluorescent tags. Polymerase chain reaction products with different fluorescent labels and with different fragment sizes were pooled for detection. A total of 1.6 μL of pooled PCR products were combined with 12 μL of deionized formamide and 0.5 μL of GeneScan-500 LIZ internal size standard and analyzed on the ABI PRISM 3730 Genetic Analyzer (Applied Biosystems). GeneMapper 3.7 software (Applied Biosystems, 2004 ) was used to analyze the DNA amplicons and assign allele scores. genotypes were collected from the greenhouse and sterilized using 70% ethanol for 5 min followed by rinsing three times with sterilized double distilled water for 5 min. All genotypes were clonally propagated in modified Murashige and Skoog (MS) medium (Murashige and Skoog, 1962) containing the MS basal salt mixture (PhytoTechnology Laboratories) and 2% sucrose (Invitrogen) using the axillary and terminal meristems.
Methods to Evaluate Aluminum Tolerance
Callus Bioassay
The parental clones Altet-4, NECS-141, and 95-608 and the F 1 progenies for both populations were evaluated for their Altolerance response using Blaydes medium (ALB) as previously described (Parrot and Bouton, 1990) . Petioles from the individual genotypes were used for callus induction in both populations, with callus from one replication of the 95608Altet4 populations generated from leaves. Each individual 2-wk-old callus was split in half, with one half of each callus being transferred to Blaydes medium with Al (+ALB) (pH 4.0, with 400 µM of Al supplied by AlCl 3 ) and the other half was transferred to Blaydes medium without Al (-ALB) (pH 4.0). Each petri dish containing five calli was treated as an experimental unit and the total callus weight was determined based on weight differences of the petri dish with and without alfalfa calli. Individual calli from each petri dish was weighed and transferred to fresh +ALB and -ALB medium at 1 wk intervals for 8 wk to determine the relative growth rate of each genotype. The experimental design for the callus bioassay using ALB medium included three replications with five individual calli per genotype per replication. Aluminum tolerance (+ALB/-ALB) was estimated using the total callus weight ratio (TCWR) of each genotype grown in medium with Al (+Al) and without Al (-Al).
Whole Plant Assay in Media
Clonally propagated alfalfa (stem cuttings) from each individual in the NECS141Altet4 population were evaluated for Al-tolerance using the whole plant assay as previously described by Khu et al. (2012) . Briefly, the CaCl 2 medium contains 200 µM CaCl 2 , 1.4% Gelzan (G3251, PhytoTechnology Laboratories), and either 0 (pH 7 and pH 4) or 1 mM AlCl 3 (pH 4). The pH was adjusted to pH 3 and pH 10.5 to obtain media with pH 4 and 7, respectively, after autoclaving due to the lack of buffering capacity. Apical stem cuttings were rooted in least macro salt medium, which consisted of 0.1 mM CaCl 2 , 500 µM KNO 3 , 500 µM MgSO 4 , and 1.2% Gelzan. Cuttings with visually uniform root size and lateral root number were transferred to CaCl 2 medium -Al and +Al (1 mM AlCl 3 ). The experimental design included five replications with a single rooted cutting per replication and treatment combination (pH 7 -Al, pH 4 -Al, and pH 4 +Al). The total root length of each clone was measured after 14 d of growth in medium with pH 7 -Al and pH 4 +Al using the WinRhizo software (Regent Instruments, 2012) . Aluminum tolerance (pH 4 +Al/pH 7 -Al) was estimated using the average of three replications of the total root length ratio (TRLR) of each genotype grown in media at pH 7 -Al and pH 4 +Al.
Linkage Map Construction and Quantitative Trait Loci Analysis
Linkage and QTL analysis were performed using the TetraploidMap software (Hackett et al., 2007) previously used for mapping in tetraploid alfalfa ( Julier et al., 2003; Robins et al., 2007 Robins et al., , 2008 and tetraploid potato (Bradshaw et al., 2008; Khu et al., 2008) . The parental genotypes were determined based on the observed parent and offspring marker score (Luo et al., 2000) . Markers were assigned to a given linkage group (LG) based on the location of previously mapped SSR markers ( Julier et al., 2003; Narasimhamoorthy et al., 2007b; Robins et al., 2007) , simplex coupling linkages, and clustering analysis in TetraploidMap software. The expectation-maximization (EM) algorithm was used to calculate the recombination frequency and logarithm of odds (LOD) score to identify the most likely phase of markers on the same LG (Luo et al., 2001) . A simulated annealing algorithm (Hackett and Luo, 2003) was used to identify the most accurate order of markers and distance between markers.
Multiallelic SSR markers with either three or four alleles representing different homologous chromosomes were used to identify F 1 genotypes that inherited products of double reduction. Once the allelic combination of each F 1 genotype was identified, markers located in the interval between this locus and the distal end of the chromosome were evaluated to confirm double reduction in that F 1 genotype. The 27 F 1 genotypes resulting from double reduction identified in this study were not included in the corresponding linkage map and QTL analysis because a reliable model for analyzing double reduction is not available (Bradshaw et al., 2008) .
Single-factor analysis of variance (SF-ANOVA) and interval mapping were performed using the TetraploidMap software (Hackett et al., 2007) as described by Hackett et al. (2001) and Bradshaw et al. (2008) . The inheritance of each marker allele in the F 1 progeny representing homologous chromosomes i and j from the parental genotypes were denoted using Q ij . For each marker allele combination, the mean value of all genotypes containing the allele was compared to the mean value of the individuals without the allele. A maximum-likelihood approach for fitting QTL models was evaluated with separate means for each of the possible QTL genotypes (gametes Q 1 Q 2 , Q 1 Q 3 , Q 1 Q 4 , Q 2 Q 3 , Q 2 Q 4 , and Q 3 Q 4 ) using a 2 cM window along the chromosome as previously described ). Significant QTL were identified based on LOD scores greater than 3.0 and a threshold value determined using 500 permutations. Interval mapping was performed using the permutation test with 500 iterations to declare significance (P < 0.05). Single-factor ANOVA was performed to identify marker-trait associations in the 95608Altet4 population and evaluate the QTL effect in a different genetic background based on 122 SSR primer pairs used for genotyping.
Candidate Genes for Aluminum Tolerance
The M. truncatula Gene Index (MtGI) release 10.0 maintained by the Dana Farber Cancer Institute (http://compbio.dfci.harvard. edu/cgi-bin/tgi/gimain.pl?gudb = medicago [accessed 15 Oct. 2009]) was used to identify current TC sequences from genes differentially expressed in response to Al tolerance stress described by Chandran et al. (2008a Chandran et al. ( , 2008b . The current TC sequence of relevant genes and SSR primer sequences were used to BLAST (Altschul et al., 1990 ) against the M. truncatula genome assembly Mt3.5 (Young et al., 2011) to determine their physical location.
RESULTS
Phenotypic Evaluations
Callus Bioassay Phenotypic evaluations of Al tolerance in the NECS141Altet4 population using the callus bioassay exhibited a continuous and normal distribution based on a ShapiroWilk score of 0.92 (P < 0.001) (Fig. 1A) . The TCWR of Altet-4 (0.91) was higher than the TCWR of NECS-141 (0.74). The mean TCWR of the F 1 progeny ranged from 0.50 to 1.70 with a population mean of 0.78 (SD = 0.17) suggesting transgressive segregation for Al tolerance in this population. The distribution of the Al tolerance phenotype in the callus bioassay of the 95608Altet4 population also showed a normal distribution (Fig. 1C) .
Whole Plant Assay in Media
The TRLR of the F 1 progeny in NECS141Altet4 population exhibited a continuous and normal distribution based on a Shapiro-Wilk score of 0.96 (P < 0.001). The mean TRLR (pH 4 +Al/pH 7 -Al) of Altet-4 and NECS-141 were 0.93 and 0.43, respectively (Fig. 1B) . The mean TRLR of the F 1 progeny ranged from 0.12 to 1.26, with a population average of 0.49 (SD = 0.18). The mean differences for Al tolerance between the two parents were higher in the whole plant assay in media (0.50) compared to the callus bioassay (0.17). Total callus weight ratio was not correlated with TRLR in the whole plant assay. A study evaluating multiple M. truncatula genotypes using three different screening methods identified a significant method × genotype interaction and resulted in altered rankings for the genotypes evaluated based on the method used (Narasimhamoorthy et al., 2007a) . Transgressive segregation was identified in both assays, suggesting that both parents contributed positive and negative alleles for Al tolerance.
Linkage Mapping and Quantitative Trait Loci Analyses: NECS141Altet4 Population
A total of 257 primer pairs (Supplemental Table S1 ) from the 1024 legume SSR primer pairs evaluated were polymorphic between the parental genotypes Altet-4 and NECS-141. For Altet-4, 283 SSR alleles were scored (Table 1) . Of these, 198 were segregating in a 1:1 ratio (simplex) and 59 segregated in a 5:1 ratio (duplex). Among these, 69 codominant SSR combinations were identified by significant repulsion linkage and clustering analysis. For NECS-141, 231 SSR alleles segregated in a 1:1 ratio and 48 segregated in a 5:1 ratio. Among these, a total of 64 codominant SSR combinations were identified. Segregation distortion was identified in 27% of the markers scored in this population, which is similar to levels of distortion in other alfalfa mapping studies performed using F 1 mapping populations (Julier et al., 2003; Robins et al., 2007) . Simple sequence repeat markers were used to construct linkage maps for the eight LGs corresponding to the eight alfalfa chromosomes. A total of 185 SSR loci from Altet-4 and 205 loci from NECS-141 were captured in the parental genetic linkage maps, with 115 loci in common between the two parental maps. The consensus maps covered 761 cM for Altet-4 and 721 cM for NECS-141 and included the 32 cosegregating homologous chromosomes (four homologs for each of the eight chromosomes) for each parental genome (Supplemental Fig. S1 ). Each homologous LG contained, on average, 11 SSR loci ( Fig. 2; Supplemental Fig. S1 ). The linkage maps generated in this study include 149 SSR markers not previously included in any tetraploid alfalfa linkage maps (Brouwer and Osborn, 1999; Julier et al., 2003; Robins et al., 2007; Sledge et al., 2005) . Twenty-six double simplex markers (segregating in a 3:1 ratio) associated with a simplex coupling LG were identified in both parental simplex LGs.
Twenty markers associated with the response to Al in the callus bioassay were identified using SF-ANOVA (Table 2) . Of these markers, 14 were associated with decreasing TCWR and six with increasing TCWR. Forty-one markers relevant to Al tolerance in the whole plant assay were also found using SF-ANOVA. Of these, 21 markers were associated with increasing the TRLR and 20 markers were associated with decreasing TRLR.
Using interval mapping, a QTL for callus growth was identified at 90 cM on LG 1 from Altet-4 ( Fig. 2A) . This QTL explained 20.8% of the phenotypic variation for TCWR (Table 3 ). The average TCWR score of the allelic combination Q 12 (0.97) was higher than the other possible allelic combinations at this locus, which had an average TCWR score of 0.75 (Table 3 ). All allelic combinations were represented by at least 16 individuals. The results from the SF-ANOVA show that among the Altet-4 markers on LG 1, two simplex markers on homolog H3 were negatively associated with Al tolerance and located about 3 cM (MTIC-233) and 20 cM (MtBA36F01F1) apart from QTL interval (Table 2 ; Supplemental Fig. S1 ).
Quantitative trait loci for Al tolerance were identified based on interval mapping of the root growth differences in the whole plant assay: one on LG 4 of Altet-4 and another one on LG 7 of NECS-14 (Fig. 2) . These QTL explained 15.2 and 21.7% of the variation, respectively (Table 3) . For the Al tolerance QTL from Altet-4 located on LG 4 (Fig. 2B) , the average TRLR of allelic combination Q 34 (0.72) was higher than the average TRLR from all other allelic combinations ( Table 3 ). The results from the SF-ANOVA show that among the Altet-4 markers on LG 4, five simplex markers on homologs H3 and H4 were positively associated with Al tolerance while one simplex marker on homolog H1 and one duplex marker bridging homolog H1 and H2 were negatively associated with Al tolerance (Table 2 ; Supplemental Fig. S1 ). For the Al tolerance QTL identified from the whole plant assay on LG 7 from NECS-141, the average TRLR of the allelic combination Q 23 (0.75) was higher than the average TRLR of all other allelic combinations (Table  3) . No specific marker significantly associated with the Al tolerance phenotype on LG 7 was identified in the SF-ANOVA, likely due to the absence of markers covering homologs H2 and H3 of NECS-141 in this region (Supplemental Fig. S1 ). However, four simplex markers on homologous chromosome H1 were negatively associated with TRLR, which is consistent with the results showing that the alleles on H2 and H3 increase Al tolerance at the whole plant level (Table 2) .
Given the high degree of colinearity between M. truncatula and alfalfa (Choi et al., 2004) , it was possible to determine the physical location including chromosomal location and position of 13 molecular markers associated with Al tolerance in alfalfa (Fig. 3) using the M. truncatula genome (Mt3.5) (Young et al., 2011) . Many of the genes located at macrosyntenic positions on LG 1, LG 4, and LG 7 were also differentially expressed in M. truncatula in response to Al stress (Table 4) . Some of these genes are associated with oxidative stress responses and the generation of reactive oxygen species (ROS), cell wall modification and cell growth, and biosynthesis of secondary metabolites, suggesting possible Al tolerance mechanisms in alfalfa.
Quantitative Trait Loci Analyses: 95608Altet4 Population
A total of 122 SSR primer pairs (Supplemental Table S1 ) from the 1024 legume SSR primer pairs evaluated were polymorphic between the parental genotypes Altet-4 and 95-608. For Altet-4, 92 SSR alleles were scored. Of these, 63 were segregating in a 1:1 ratio (simplex) and 29 segregated in a 5:1 ratio (duplex). For NECS-141, 92 SSR alleles segregated in a 1:1 ratio and 22 segregated in a 5:1 ratio. Single-factor ANOVA was used to identify 23 loci associated with the Al response in the callus bioassay in the 95608Altet4 population (Table 5) . From these, six loci located on LG 1, LG 2, LG 4, LG 6, and LG 7 were also identified in the NECS141Altet4 population. Four out of the six common loci were located near a QTL region identified using interval mapping in the NECS141Altet4 population (Fig. 2) . On LG 1, markers BG248 and MTIC233 were associated with the Al response phenotype in both populations (Tables 2 and 3 ; Fig. 2) . Similarly, 1h09-aat11 on LG 4 was associated with the Al response evaluated using the callus bioassay in both populations. The markers 1b11caa6-1 and 1b11gtg6-1, located next to each other on LG 7 (Fig. 2) , were associated with the Al responses in both populations (Tables 2 and 3 ).
DISCUSSION
A combination of phenotyping strategies including a callus bioassay and whole plant assay in media were used to phenotype Al tolerance in alfalfa and capture at least some of the genetic variation at the cell and whole plant level. Previous studies have shown that different screening procedures used to evaluate response to Al (callus, soil, and nutrient solution) capture different Al tolerance mechanisms (Campbell et al., 1988; Dall'Agnol et al., 1996; Narasimhamoorthy et al., 2007a) . In this study, three markers (3d03atc5-1-244, BF26-306, and BF56-306) were detected as significant using SF-ANOVA based on the trait values obtained from both phenotyping strategies (Table 2) , even though a significant correlation between the two methods was not identified. Overall, the number of markers with a significant QTL association in the whole plant assay in media was double the number of significant markers in the callus bioassay (Table 2) , suggesting that more of the genetic variation for Al tolerance stress responses was captured in the whole plant assay.
The maps generated in this study provide reasonably good coverage of both parental genomes using multiallelic codominant SSR markers, many of which have not been mapped previously. In this experiment, a QTL for Al tolerance was identified on LG 1 of Altet-4 using a callus bioassay (Fig. 2) . Evaluation of the same mapping population for Al tolerance using a modified soil-based assay in which plants were grown in unlimed (pH 4.5) vs. limed soil (pH 6.28) resulted in the identification of a QTL for root dry weight under unlimed soil conditions at the same position on LG 1 associated with the same markers (Reyno, 2012) . The allele for Al tolerance from Altet-4 at locus MTIC233 on LG 1 detected by SF-ANOVA (Table 2) was confirmed in another alfalfa population with a different genetic background (Table 5 ). In addition to MTIC233, locus BG248 also located on LG 1 ( Fig. 2 ; Table 2 ) was also identified as significant in the 95608Altet4 population (Table 5) . A population derived from the diploid genotype Al-4, the progenitor of Altet-4, was used to identify a callus-based assay for Al tolerance QTL on LG 1 (Narasimhamoorthy et al., 2007b) . Identification of natural variation for desirable alleles in diploid alfalfa and their introgression at the tetraploid level, as shown here for Al tolerance, was previously described as a viable strategy for crop improvement when variation for a given trait is lacking in the tetraploid germplasm (Campbell et al., 1988) . In a similar way, resistance to Phytophthora infestans from diploid potato was successfully transferred to tetraploid potato by means of 2n gametes (Sliwka et al., 2010) . Interval mapping was used to identify additional QTL for Al tolerance on LGs 4 and 7 (Fig. 2 ) from root evaluations based on a whole plant assay. Soil-based evaluations of the NECS141Altet4 population identified a QTL for root dry weight ratio that represents the relative root growth in unlimed vs. limed soil conditions associated with the same markers on LG 4 (Reyno, 2012) . These represent novel Al tolerance QTL not previously identified in diploids using the callus bioassay, indicating their potential relevance at the whole plant level but not in callus. However, the lack of correlation between Al responses in the callus bioassay and whole plant assay suggests that although similar stress responses may be involved, these phenotyping systems capture different tolerance mechanisms. Aluminum tolerance evaluations at the whole plant level therefore capture defense mechanisms at the cell level as well as complex organ responses, including changes in root growth in response to both reduced pH and Al while the callus assay evaluates the response to the presence of Al. The primary effects of growth inhibition due to Al +3 occur at or near Table 5 . Markers associated with Al tolerance in the 95608Altet4 population. Single-factor ANOVA was performed using Al tolerance phenotypes from the callus bioassay (p < 0.05).
LG † the root tip (Kochian et al., 2004) . Others have found different rankings in the genotypes evaluated using different methods to phenotype for Al tolerance (Dall'Agnol et al., 1996; Narasimhamoorthy et al., 2007a; Rosellini et al., 2003) . Alternatively, the additional Al tolerance QTL may have been identified in this study due to the increase in marker density compared to the relatively sparse genetic map used in the diploid mapping study (Narasimhamoorthy et al., 2007b) ; they represent QTL that are only relevant at the tetraploid level due to allelic interactions or gene expression changes or include genomic regions relevant to reduced pH levels. Additionally, the tetraploid and diploid populations used to identify Al tolerance QTL differ in their genetic background. The identification of QTL may vary based on the genetic background of the populations used Tang and Scarth, 2004) . In rice (Oryza sativa L.), the effect of genetic background on the identified QTL was greater than the environmental effects (Liao et al., 2001) . Although NECS-141 has lower Al tolerance than Altet-4 in both phenotypic assays (Fig. 1) , the identification of transgressive segregation for Al tolerance in the progeny suggests that both parents contribute positive alleles for Al tolerance (Table 2) . Aluminum tolerance QTL mapping experiments at the diploid level also identified positive alleles for Al tolerance from the Al-sensitive parent (Narasimhamoorthy et al., 2007b) . Previous QTL mapping studies for forage biomass yield, plant height, plant regrowth (Robins et al., 2007) , and persistence (Robins et al., 2008 ) also identified transgressive segregation and the contribution of positive alleles from both parents. Positive alleles enhancing the trait value from a phenotypically inferior parent have often been identified in other species (Ali et al., 2000; Lou et al., 2007; Tanksley and Nelson, 1996) .
Multiple marker-trait associations were identified using SF-ANOVA from markers on all LGs and the Al tolerance phenotype (Table 2 ). In a diploid mapping population, QTL were reported on LG 2, LG 3, LG 4, and LG 5 either through interval mapping or using the nonparametric Kruskal-Wallis test (Narasimhamoorthy et al., 2007b (Delhaize et al., 2004 (Delhaize et al., , 1993 Hoekenga et al., 2003; Magalhaes et al., 2004; Pineros et al., 2002; Silva et al., 2001 ) while other studies in the same and other species support the notion that Al tolerance is a more complex trait and that root organic acid exudation is not the only mechanism of tolerance (Bianchi-Hall et al., 2000; Cai et al., 2008; Chandran et al., 2008a Chandran et al., , 2008b Ikka et al., 2008; Liu et al., 2009; Narasimhamoorthy et al., 2007b; Pineros et al., 2005; Xue et al., 2008) . Multiple genes in the model legume M. truncatula showed differential gene expression in response to Al stress (Chandran et al., 2008a (Chandran et al., , 2008b , including genes involved in oxidative stress responses associated with scavenging of ROS, and some of these genes are located near Al tolerance QTL in alfalfa (Table 4) . Aluminum-induced oxidative stress triggers accumulation of ROS in the root cell causing damage to the cell and resulting in root growth inhibition (Boscolo et al., 2003; Chandran et al., 2008b; Delisle et al., 2001) . A highly expressed peroxidase precursor (represented by the tentative consensus sequence TC10878) was found on chromosome 4, corresponding to LG 4, near marker AW232 ( Fig. 3; Table 4 ). Four genes whose function is related to scavenging ROS were significantly upregulated only in Al-tolerant M. truncatula (Chandran et al., 2008b) and the authors concluded that the differences in ROS scavenging activity between Al sensitive and Al tolerant genotypes may play an important role in Al tolerance responses in M. truncatula.
In A. thaliana, Al tolerance appears to be more complex genetically than physiologically, because a number of genes underlie a single physiological mechanism involving organic acid release by the roots (Hoekenga et al., 2003) . Reported mechanisms of Al tolerance in plant species include restricting Al uptake through exclusion from the root apex and those that allow the plant to tolerate Al accumulation in the root and shoot symplasm (Kochian et al., 2004) . These tolerance mechanisms require synthesis of organic acids and their mobilization by the corresponding transporters (Larsen et al., 2007; Yamaguchi et al., 2005) . Evidence of Al exclusion from the roots is based on the release of organic acids shortly after Al exposure and the delayed release of organic acids after longer exposure (Kochian et al., 2004; Ma et al., 2001; Ryan et al., 2001 ). The fast increase in organic acid efflux in the first case suggests that Al activates preexisting mechanisms, such as transporters in the plasma membrane, while the delay observed in the second case might indicate that protein induction is required (Ma et al., 2001) .
Genes associated with cell wall modification in response to Al toxicity were characterized in multiple species (Eticha et al., 2005; Ma et al., 2004; Wen et al., 1999) . Genes controlling cell wall modification, such as pectinesterase precursor, xyloglucanase inhibitor, chitinase, pectin acetylesterase, xyloglucan endotransglycosylase, and polygalacturonase inhibitor were identified near genomic regions relevant to Al tolerance in alfalfa ( Fig. 3; Table 4 ). The expression of a pectinesterase precursor, xyloglucanase inhibitor, and xyloglucan endotransglycosylase were highly induced in an Al-sensitive M. truncatula genotype compared to an Altolerant M. truncatula genotype (Chandran et al., 2008b) , therefore suggesting potential mechanisms of Al tolerance in legume species. Additionally, glutathione S-transferase genes located on M. truncatula chromosome 7 are located in a syntenic region with the genomic regions relevant to Al tolerance in alfalfa ( Fig. 3 ; Table 5 ).
Although Al tolerant genotypes from many plant species share common tolerance mechanisms including secretion of one or multiple organic acids, there are several species-specific responses. Possible Al tolerance (continued growth in the presence of Al) and Al resistance (exclusion of Al from root cells) mechanisms that may also play a role in alfalfa include the capacity to raise the pH of the growth media or soil, or reduced capacity to take up Al by active transport, or the increased tolerance may be a result of a failure to detect Al damage in plant tissues as in the case of mutations in Arabidopsis AtATR (Rounds and Larsen, 2008) . A combination of molecular, biochemical, and physiological evaluations are needed to increase our understanding of Al tolerance mechanisms in alfalfa and to isolate target genes for improvement.
CONCLUSIONS
The Al tolerance QTL identified in this study can be used to address a practical limitation of agricultural productivity. The molecular markers that define genomic regions relevant to Al tolerance identified in tetraploid alfalfa can be used for selection and breeding and represent an initial step toward understanding abiotic stress responses at the tetraploid level in an important forage legume. The tetraploid alfalfa linkage maps generated in this experiment include previously unmapped molecular markers and represent a useful resource for the alfalfa community. Transcriptome sequences of alfalfa genotypes (Han et al., 2011) including Altet-4 and NECS-141 combined with genotyping strategies (Han et al., 2012) are currently being used to identify single nucleotide polymorphism (SNP) variation in genes located within relevant QTL regions and in Al tolerance genes identified in other species (Ermolayev et al., 2003; Iuchi et al., 2007; Kochian et al., 2004; Liu et al., 2009; Pineros et al., 2002) to further refine the relevant QTL positions. Ongoing metabolomics and ribonucleic acid sequencing (RNA-Seq) (Wang et al., 2009 ) efforts to identify SNP in genes differentially expressed between Al tolerant and Al sensitive alfalfa genotypes can further enhance our knowledge and differentiation between Al resistance and Al tolerance mechanisms in alfalfa, enable further refinement of the genomic regions relevant to Al tolerance, and identify functional molecular markers for trait integration and breeding in elite alfalfa germplasm. These findings can be used to enable implementation of effective molecular breeding strategies through SNP genotyping using high resolution melting analysis (Han et al., 2012) or other high-throughput SNP genotyping platforms combined with streamlined phenotyping methods to increase the frequency of desirable alleles and accelerate the development of alfalfa cultivars with favorable agronomic characteristics that are adapted to a range of growing conditions and are productive in acid and Al-toxic soils.
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